We demonstrate a new method of detecting the presence of ferroelectric domains based on non-phasematched second-harmonic generation. If a domain boundary is tilted relative to the input and output faces of the crystal, the far-field second-harmonic light consists of multiple beams, in contrast to the single beam generated in a single-domain crystal. The angular separation of the beams provides a measure of the tilt of the domain wall if the refractive-index difference n 2 Ϫ n is known.
Introduction
Applications of nonlinear optics such as frequency doubling and parametric amplification demand highquality nonlinear crystals. In an earlier paper 1 we measured parametric gain and phase-matching curves for a number of KTP ͑KTiOPO 4 ͒ and ␤-BaB 2 O 4 crystals and found that several of the KTP crystals appeared to have multiple ferroelectric domains with a reversed nonlinear coefficient. Because such 180°domain reversals do not affect a crystal's linear optical properties, testing for reversed domains has relied on piezoelectric 2 or pyroelectric 3, 4 probes, x-ray diffraction and topography, 5 chemical etching, 6 electrostatic toning, 2 scanning secondaryelectron microscopy, 7 electro-optical techniques, 3 and phase-matched second-harmonic generation 1, 8 or non-phase-matched harmonic scattering 9, 10 and generation. 11 Only the optical methods provide convenient probes for mapping in detail the domain structure within the crystal. The electro-optic method gives the ratio L ϩ ͞L Ϫ , where L ϩ and L Ϫ are the total line-of-sight lengths with plus and minus ferroelectric polarization. It could in principle be used to map the domain structure tomographically. Phase-matched second-harmonic generation by use of crossed fundamental beams can map the domain structure, but it requires a specific laser wavelength for each crystal orientation, as well as careful measurements of the phase-matching properties. Our new method is closely related to the second-harmonic scattering method but it is sensitive to large, tilted, planar domain boundaries rather than to the size distribution of multiple small domains. Its advantages are that, with a single pulse from an appropriate Q-switched laser, any nonlinear optical crystal can be certified to contain no tilted domain boundaries, or the tilt angle of each boundary can be determined from the angles of second-harmonic beams. No crystal electrodes are needed and the only requirements for the laser are that it be intense enough to produce observable non-phase-matched second harmonic and that its fundamental and harmonic wavelengths lie within the transmission range of the crystal.
Background
The influence of a tilted, planar domain boundary is perhaps best described in terms of the driven and free harmonic waves that are often invoked in solving Maxwell's equations describing second-harmonic generation, 12 combined with the nonlinear Snell's laws. 13 The driven wave is the specific solution to the second-harmonic wave equation with the secondharmonic polarization term, whereas the free wave is a general solution without the nonlinear harmonic polarization term. Assuming negligible harmonic conversion, the driven and free waves each have a constant amplitude over the full length of a singledomain, transparent crystal. The phase and amplitude of the driven wave are directly tied to those of the fundamental, so its propagation constant is 2k and its amplitude is proportional to E 2 d eff ͞⌬k, where E is the fundamental field, d eff is the effective nonlinear coefficient, and ⌬k is the phase velocity mismatch k 2 Ϫ 2k . At the crystal input face the total harmonic field is zero. At that plane the free wave has a field nearly equal in magnitude to the driven wave but opposite in sign. The free-wave propagation constant is that of a freely propagating harmonic wave k 2 , so interference between the free and driven waves creates a harmonic wave with a strength that varies sinusoidally through the crystal according to
If the product of ⌬k and crystal length L is varied, by tilting the crystal, for example, this interference is responsible for Maker fringes, 14 -16 the sinusoidal variation of output harmonic strength with ⌬kL. Assuming low conversion efficiency, ferroelectric domains can be treated as separate crystals each with a driven and free wave, as shown in Fig. 1 for a crystal with two domains separated by a tilted boundary. The four harmonic waves labeled D1, D2, F1, and F2 correspond to the driven ͑D͒ and free ͑F͒ waves from domains 1 and 2. At the domain boundary, F1 is undeflected because there is no change in the refractive index n 2 and consequently no wavelength change. The driven wave from the first domain, D1, becomes a freely propagating wave in the second domain, undergoing a wavelength change at the tilted boundary that is proportional to n 2 Ϫ n . To satisfy boundary conditions, it obeys the nonlinear Snell's law, n sin ␣ ϭ n 2 sin ␣Ј, where ␣ and ␣Ј are the angles between the propagation direction and the normal to the boundary in the first and second domains, respectively. This confers a tilt on wave D1 upon exiting the second crystal given by
The exit angle is usually small because the difference in n , the refractive index of the fundamental wave, and n 2 , the refractive index of the harmonic wave, is small. For small exit angles, is well approximated by
where k 0 is the wave vector for the fundamental in air.
The requirement that the sum of the free and driven fields of the second domain be zero at the boundary, or entrance face of the second domain, forces F2 to follow the same path as D1. The driven wave from the second domain, with its phase locked to the fundamental, must copropagate with the fundamental. Because of the sign reversal of d eff between domains, E D1 ͑boundary͒ ϭ ϪE D2 ͑boundary͒. Combined with the boundary condition for the second domain, E D2 ͑boundary͒ ϭ ϪE F2 ͑boundary͒, we can see that E F2 ͑boundary͒ ϭ E D1 ͑boundary͒ so waves D1 and F2 constructively interfere at the boundary. Possessing the same propagation vector in the second domain, they continue to constructively interfere outside the crystal. By similar arguments the untilted waves F1 and D2 also constructively interfere at the boundary. However, they have different propagation constants in the second domain and can constructively or destructively interfere outside the crystal, depending on the length of the crystal. In fact, the interference pattern is the same as the Maker fringe pattern for a single-domain crystal of the same total length except they are reversed in phase.
An alternative description of the influence of domains is based on the fact that, for low conversion efficiency, the far-field second-harmonic amplitude is the three-dimensional Fourier transform of the harmonic polarization within the crystal. 10 Ignoring diffraction, the harmonic field at each point on the exit face of the crystal is the one-dimensional Fourier transform of the harmonic polarization along a ray parallel to the propagation direction of the fundamental. This is the sum of two sinc functions,
where K is a constant, L 1 is the length of the first domain, and L 2 is the length of the second. This can be written in the form For a domain boundary tilted by ␥, such that L 2 has the form L 2 ͑x͒ ϭ L 0 ϩ x tan ␥, the harmonic field at the exit face is
There are two distinct transverse Fourier components; the first, in parentheses, has k x ϭ 0 and accounts for the forward-going harmonic beam, whereas the second has k x ϭ ⌬k tan ␥. For small angles, the tilt of this second beam is ⌬k tan ␥͞2k 0 , just as in Eq. ͑3͒. For a domain boundary parallel to the crystal faces, there are no tilted beams. All four beams overlap and the Maker fringes can be used to deduce the existence of a domain boundary. More generally, if the coherence length is longer than W tan ␥, where W is the fundamental beam diameter, the four beams will overlap and interfere. Figure 2 shows some simulated examples with two domains of differing lengths and a domain boundary parallel to the crystal faces. These curves were generated by use of Eq. ͑4͒ with ⌬k and L dependent on the crystal angle. The details of the simulation are not described here because a marked difference between single-domain ͓Fig. 2͑a͔͒ and two-domain crystals is apparent for any reasonable case. As we noted above, if the boundary is sufficiently tilted that the beams are separated and only the untilted beams are measured, the Maker fringes appear to be those of a singledomain crystal so no domain information is available.
Both the fundamental and the harmonic waves have two eigenpolarizations, identical in the two domains, so there are six possible values of ⌬k associated with the combinations of fundamental and harmonic polarizations, resulting in as many as six tilted harmonic beams plus six overlapped forward beams. Of course individual processes can often be isolated by proper choice of the polarization of the input and output light. The tilted beams all lie in the plane defined by the fundamental wave vector k and the normal to the domain boundary. The discussion above applies to each domain boundary, so the pattern of harmonic beams can be complex for multiple boundaries.
Experimental Methods and Results
Using a Q-switched Nd:YAG laser, we examined harmonic beam patterns for a set of eight KTP crystals cut at ϭ 0, ϭ 58°and 51°͑x-z plane͒, and for several x-cut KTP and KTA ͑KTiOAsO 4 ͒ crystals. Four of the critically cut crystals showed clear evidence of domain boundaries. For these we also measured the shape of the second-harmonic phasematching curves using a 3-W, 1319-nm cw Nd:YAG laser with a beam diameter of 0.5 mm. Our experimental setups are shown in Fig. 3 . The 15-ns, 10-mJ, spatially filtered pulses from the Q-switched Nd: YAG laser were collimated to a diameter of approximately 1 mm and polarized at 45°with respect to the crystal's y axis. Each crystal was mounted with the entrance and exit faces perpendicular to the pump beam. The pump light was removed by a KG3 filter after the crystal, and a CCD camera was positioned one focal length away from a focusing lens to obtain the far-field image of the harmonic beams. The focal length of the lens was chosen so that as much of the beam pattern as possible fell on the camera's active area while still maintaining good resolution of the spots. We calibrated beam angles by removing the lens and camera and measuring beam positions on a movable screen for two screen locations separated by approximately 110 cm.
The 45°polarization of the fundamental ensures that the maximum number of nonlinear terms are excited in the angle-cut samples because the fundamental field has components along all three principal axes x, y, and z. The nonzero coefficients of KTP 17 are d zyy , d yzy , d xzx , d zxx , and d zzz . We cannot distinguish between x and z polarization with our crystal Fig. 2 . Simulated Maker fringes for a crystal with ͑a͒ a single domain and an untilted boundary separating ͑b͒ two equal length domains, ͑c͒ two domains with a length ratio of 3:1, and ͑d͒ two domains with a length ratio of 200:1. orientation so the last three d's contribute to a single mixing process that we designate zzz. Using the KTP Sellmeier equation of Vanherzeele et al., 18 we calculate the values of ⌬k's corresponding to the three distinct nonlinear processes for doubling 1064-nm light as ⌬k zyy ϭ 2k 0 ͑n 2 e Ϫ n y ͒ ϭ 2k 0 ͑0.10705͒, ⌬k yzy ϭ k 0 ͑2n 2 y Ϫ n y Ϫ n e ͒ ϭ 2k 0 ͑0.01469͒, ⌬k zzz ϭ 2k 0 ͑n 2 e Ϫ n e ͒ ϭ 2k 0 ͑0.05155͒ for the 58°crystals and ⌬k zyy ϭ 2k 0 ͑n 2 e Ϫ n y ͒ ϭ 2k 0 ͑0.09428͒, ⌬k yzy ϭ k 0 ͑2n 2 y Ϫ n y Ϫ n e ͒ ϭ 2k 0 ͑0.019984͒, ⌬k zzz ϭ 2k 0 ͑n 2 e Ϫ n e ͒ ϭ 2k 0 ͑0.049367͒ for the 51°crystal. Here n e and n y are, respectively, the refractive indexes for polarizations in the x-z plane or normal to it. We expect that the three different values of ⌬k will lead to three tilted harmonic beams from each domain boundary.
Four of the angle-cut KTP crystals produced multiple beams as shown by the fluence contour plots of Fig. 4 . The crystals were oriented so that the birefringent walk-off was to the left, meaning that the projection of the x, y, and z axes on the crystal input face is that indicated in Fig. 4͑a͒ . By use of the same crystal numbers as in our earlier measurements 1 of d eff , the multidomain crystals are numbered 4, 5, 6, and 7. Crystal 4 is cut at 51°whereas crystals 5, 6, and 7 are cut at 58°. All four crystals have clear apertures of 5 mm ϫ 5 mm and lengths of approximately 10 mm. The corresponding phase-matching curves for second-harmonic generation of 1319-nm light are shown in Fig. 5 . In Table 1 we compare the measured ratios of beam angles for each domain boundary with the expected ratios based on the ⌬k values above. The good agreement supports our identification of the origin of the tilted beams. Furthermore, the strengths of the various beams vary as expected with rotation of the polarization of the fundamental and with polarization analysis of the harmonic.
With the fundamental beam centered on crystal 4, the resulting harmonic beam pattern shown in Fig.  4͑a͒ indicates a single-domain boundary orientation, and this is supported by the phase-matching data of Fig. 5͑a͒ which agree well with that expected of two domains with a length ratio of approximately 2:1. However, if the fundamental beam is translated in the z direction, the harmonic pattern changes to one tilted to the right and slightly up whereas the pattern shown in Fig. 4͑a͒ disappears. The domain boundary appears to consist of two planes that intersect Fig. 4 . Beam patterns for the second-harmonic light generated by multiple-domain KTP crystals. ͑a͒ Crystal 4, one array of beams indicating a single-domain boundary. ͑b͒ Crystal 5, one array of beams believed to be due to two closely spaced parallel domain boundaries. ͑c͒ Crystal 6, two arrays of beams indicating two nonparallel domain boundaries. ͑d͒ Crystal 7, five arrays of beams indicating five domain boundaries. In ͑a͒ and ͑b͒, the untilted beam is indicated by the vertical line; in ͑c͒ and ͑d͒ the untilted beam is at the intersection of the arrays. In ͑c͒ and ͑d͒ the third beam of each array is outside the camera's field of view. Fig. 5 . Measured ͑filled circles͒ and simulated ͑curves͒ phasematching curves for second-harmonic generation of 1.32 m for multiple-domain KTP crystals. ͑a͒ Crystal 4, data display two peaks typical of a two-domain crystal. The simulated curve is for two domains with a length ratio of 62.5:37.5. ͑b͒ Crystal 5, data appear similar to that for a single-domain crystal, except for slightly larger than usual secondary peaks. The simulated curve is for three domains with a length ratio of 28:1:19. ͑c͒ Crystal 6, data show a peak that is significantly broader than for single domain. Simulated curve is for three domains with a length ratio of 3:42:3. ͑d͒ Crystal 7, data indicate more than two domains. Simulated curve is for four equal length domains. just to the left of the crystal center. Near the intersection, the harmonic beams are distorted, indicating that the planes do not meet in a straight line. Apparently there is substantial structure on the submillimeter scale near the intersection. Our interpretation of the beam pattern of Fig. 4͑b͒ is that crystal 5 has a single tilted domain boundary orientation. However, Fig. 5͑b͒ suggests that if there are two domains, one must be very short compared to the crystal length because the phasematching curve is nearly identical to that of a singledomain crystal. To reconcile the large boundary tilt with the short length of the inverted domain, we postulate that there is a narrow, tilted domain cutting through the crystal with parallel boundaries.
The second boundary will create another pair of driven and free waves, D3 and F3. The four tilted waves will then be the constructively interfering pair ͑F2, D1͒ from the first boundary and the constructively interfering pair ͑F3, D2͒ from the second. These pairs will be dephased by ͑ ϩ T⌬k͒, where T is the domain thickness measured along the beam propagation direction. If T is much less than a coherence length, the tilted beams destructively interfere, eliminating any tilted beam. A tilted beam is created for larger T's unless T⌬k is a multiple of 2. The coherence length for the zyy process is approximately 5 m so domains thicker than 1 m should be revealed. The three mixing processes, zyy, yzy, and zzz, have different coherence lengths so we might expect the interference to affect the beam strengths differently. We do indeed measure relative beam strengths of the three beams from this crystal that are different from the other crystals, providing further evidence of the presence of a thin domain with parallel boundaries.
With the fundamental beam centered on the aperture of crystal 6, we generated the more complicated beam pattern of Fig. 4͑c͒ which implies at least two domain boundary orientations and a minimum of three domains. By rastering the fundamental beam over the crystal aperture, we found regions where only one boundary orientation was evident or where three appeared. Two of the boundaries must intersect each other or the crystal faces. The phasematching data of Fig. 5͑c͒ are matched well by three domains with a length ratio of 3:42:3.
Crystal 7 created the complex pattern of Fig. 4͑d͒ indicating at least five boundary orientations. One of the boundaries does not traverse the entire crystal. In addition, one of the spots is slightly elongated suggesting that the associated domain boundary is curved or irregular. The phase-matching data of Fig. 5͑d͒ also indicate the existence of several domains. The solid curve, calculated for a crystal with four equal length domains, gives a fair approximation to the data.
The x-cut crystals generated only one secondharmonic beam, implying that the crystals are either single domain or the domain boundaries are parallel to the crystal faces. We used the Maker fringe method to look for evidence of multiple domains but found that the fringes were regular and fit accurately those calculated for a single-domain crystal. We conclude that the x-cut KTP and KTA crystals are all single domain. or near the ͑5 1 0͒ plane plus single examples of boundaries near planes ͑0 0 1͒, ͑4 1 3͒, ͑5 4 1͒, ͑9 1 1 ͒, and ͑18 1 20͒. A comparison of measured and calculated beam tilts is shown in Table 2 .
Whether the domain boundaries are truly planar and lie in crystalline planes is open to question. Our measurements are not precise enough to provide a definitive answer. However, we can report that over our beam diameter of approximately 1 mm the planes are quite flat as indicated by the small angular spread of the tilted harmonic beams. Furthermore, the tilts appear to be quite stable as the fundamental beam is scanned over the crystal aperture, implying that the domain boundary angles are planar over several millimeters. Our measurements could be made much more precise by selecting only the zyy process that produces the largest tilts and making more precise angle measurements. Alternatively, the fundamental beam diameter could be reduced by at least a factor of 10 without causing an overlap of the tilted and untilted beams that is due to diffraction, so transverse spatial resolution better than 100 m is possible at the price of reduced angular precision.
Conclusions
We have demonstrated a simple, versatile method for detecting tilted domain boundaries in ferroelectric nonlinear crystals that also provides a measure of the domain boundary tilt. Combined with Maker fringe methods, both tilted and untilted domain boundaries can easily be detected with readily available, low-power, Q-switched Nd:YAG lasers. This technique could provide a convenient method of quality control for ferroelectric nonlinear crystals as well as a useful tool for the study of ferroelectric domain behavior. Fig. 6 . Measured ͑open triangles͒ tilt angles ͗ zyy ͘ and computed tilt angles ͑filled squares͒ for best-fit low-order crystallographic planes identified by their Miller indices. 
